Unlike usual turbopump inducers, the axial flow pump tested operates very stably at design flow rate without rotating cavitation nor cavitation surge. Flow visualization suggests that this is because the tip cavity smoothly extends into the flow passage without the interaction with the leading edge of the next blade. However, at low flow rate and low cavitation number, choked surge and rotating choke were observed. Their correlation with the performance curve under cavitation is discussed and their instantaneous flow fields are shown.
Introduction
Turbopump inducers for rocket engines are used to suppress the head breakdown of the main impeller due to cavitation. Inducers operate with cavitation and it becomes unstable [1] [2] [3] [4] in a certain operating condition and causes the shaft vibration. Cavitation surge [1] and rotating cavitation [2] [3] occur at the cavitation number above head breakdown. Recently, similar phenomena were observed under head breakdown. They are called "rotating choke" [5] [6] and "choked surge" [7] since the head breakdown is caused by choke and the cause of the instability is the positive slope of the performance curve due to choke.
The present paper reports about the rotating choke and the choked surge observed in an axial flow pump impeller with the geometry similar to the inducers for rocket engines. The rotating choke and the choked surge are observed in the same impeller for the first time. The visual observation of rotating choke was made for the first time. It is discussed why normal rotating cavitation did not occur in the pump tested. Figure 1 shows the cavitation tunnel used for the present study. The working fluid is deaerated water at ordinary temperatures.
Experiment
A water tank locates at the upstream of the impeller and the cavitation number σ is adjusted by changing the pressure of the air in the upper part of the tank using a vacuum pump. The flow rate φ is controlled by the butterfly valve located downstream of the impeller. The rotor is driven by an inverter motor through a torque meter. During the operation of the pump, the flow rate, the pressures at the inlet and outlet of the impeller, the fluctuating pressure at the inlet, the torque, the water temperature, and the rotational speed of the impeller are transferred to a computer through an A/D converter (National Instruments, PCI 6224). These values are displayed in a monitor for monitoring the condition of the operation by a software (National Instruments, LabVIEW8.0) and recorded. Figure 3 shows the geometry of the impeller. The diameter of the impeller is 154.6mm, the number of blades is 3, and the inlet and outlet blade angles at the tip are 11deg and 21deg, respectively. The solidity at the tip is about 1.17 and the tip clearance is 0.4mm. The impeller has a swept back leading edge and the sweep angle is about 50deg. The flow rate near the maximum efficiency point 0 0.180 φ = was defined as the reference flow coefficient.
In the measurement of the flow coefficient φ , the pressure coefficient ψ , and the power coefficient τ for the performance curve, the rotational speed of the impeller was set 1500rpm to avoid cavitation. In the non-cavitating flow, time- Based on the results of the spectrum analysis, the cavitation instabilities were identified. Pictures were taken by a high speed video camera with the frame rate of 4500frames/sec. Figure 5 shows the non-cavitating performance curve at 1500rpm. Figure 5 (a) shows the pressure coefficient ψ in which the inlet pressure 1 p was estimated by subtracting the dynamic pressure and the pressure loss in the suction pipe from the total pressure in the tank, and shows the pump efficiency η . φ < is considered to be caused by the pressure rise due to the centrifugal force on the swirling backflow at the inlet.
Results and Discussions

Performance Curve
In order to determine the change of flow pattern at low flow rate, the velocity distribution was measured at the inlet ( / 0 . Figure 6 shows the suction performance curves where the estimated inlet pressure 1 p was used for ψ and σ . Figure 6(b) shows the magnified figure of the left upper part of Fig.6(a) . The fitted suction performance curves at various flow coefficients are shown by full lines.
Suction Performance
To examine the slope of φ ψ − curves, the suction performance was measured also at slightly (by 0.02) larger flow rate than each flow rate and their fitting curves are shown by dotted curves. In most cases, the head is smaller at larger flow coefficient, showing negative slope of performance curve. However, at low flow coefficient and low cavitation number where the head is decreased, the head at larger flow coefficient becomes identical to or larger than that at slightly larger flow rate. In these cases, the slope of φ-ψ curve becomes zero or positive. . The value of θ in Fig.7 shows the phase of the pressure fluctuation at the point B in Fig.4 from that at the point A. Negative value of θ means the phase delay and represents that the disturbance propagates in the rotational direction of the impeller. 111deg θ = − means the disturbance with one cell which propagates in the rotational direction of the impeller. Based on the spectrum of the inlet pressure fluctuation, the occurrence regions of the cavitation instabilities are shown in the suction performance curve in Fig.6 . In the region where the slope of φ ψ − curve is positive or 0, the rotating choke or choked surge occur. We should note that no cavitation instability occurs at the reference flow rate 0.180
This shows that the pump tested is quite stable as compared with inducers for rocket engines. At the larger flow rate 0.207 φ = , the cavity occurs on the pressure surface and the values of ψ decreases gradually from the larger σ as the values of σ decreases.
Cavitation at the Reference Flow Rate
The cavitation instabilities did not occur at the reference flow rate. As shown in Fig.8(a) , at 0.06
where the head breakdown does not occur, the blade surface cavity and the backflow vortex cavity do not exist and thin tip leakage cavity extends towards the throat as the value of σ decreases without the interaction with the leading edge of the neighboring blade. When the tip leakage cavity reaches the throat as shown in Fig.8(b) , the blade surface cavity develops. As the value of σ decreases further, the tip leakage cavity extends to the blade passage as shown in Fig.8(c) , and the head breakdown occurs.
The smooth extension of thin tip leakage cavity towards the blade passage without the interaction with the leading edge is the cause of stable operation without rotating cavitation.
Backflow Vortex Cavitation
The backflow vortex cavitation started to occur at 0.144
and its axial length became 0.5
The number of the backflow vortex cavity was more than 3 at these flow rates, and the effect of the backflow vortex cavitation could not be recognized clearly in the spectrum shown in Fig.7 . Figure 9 shows the pictures of the cavity at 0.054 φ =
. One large vortex cavity extends upstream. The spectrum indicated by "Backflow vortex cavitation" in Fig.7(a) and it is thought to be caused by the rotation of the backflow vortex cavity with the frequency of 41 45% ∼ of the impeller's rotational frequency. Figure 10(a) shows the magnified figure of Fig.7(a) . The amplitude of the spectrum due to the backflow vortex cavity decreases as the cavitation number decreases. This is because the center of the backflow vortex gets closer to the center of the inlet pipe, as shown in Fig.9. 
Cavitation Surge and Choked Surge
As shown in Fig.7(a) and Fig.10(a) Fig.6(b) shows that the negative slope of the performance curve decreases as the cavitation number is decreased. Figure 10(a) shows that the amplitude of this component increases as the decrease of cavitation number. So, it is possible to consider that a normal cavitation surge is switching to choked surge. If we plot the suction performance curve using measured p 1 , the region with positive slope will become larger. Figure 11 shows the pictures from high speed video. The pictures with two periods 2 s T of the choked surge are shown. The tip cavity nearly reaches the throat. This supports the identification as a choked surge. However, the length of backflow vortex cavity is also oscillating, as plotted in Fig.12 . This suggests the possibility of cavitation surge associated with backflow cavitation [8] which usually occurs above head breakdown. In the reference [7] , the choked surge was so severe that the cavity extended to the blade trailing edge. Comparing with this, the choked surge in the present study was mild.
Rotating Choke
The spectrum with Figure 13 also shows that the tip cavity extends into the blade passage and chokes the passage. Figure 13(i) shows that the backflow vortices are cut by the blade and flowing down the passage. This also shows that the irregular upstream boundary of the tip cavity is caused by backflow vortices.
Other Spectral Components
In addition to the spectral components due to the cavitation instabilities mentioned above, the components of No. 1 3 ∼ with smaller frequency and amplitude were observed as shown in Figs.6 and 7. The components of No.2 and 3 with the smaller phase angle are due to the oscillation of the surge mode. The spectrum of No.1 with the larger phase angle is due to the oscillation of the rotational mode. These modes could not be studied further because the amplitudes were too small.
Conclusions
The performance test of an axial pump impeller was carried out. The results can be summarized as follows.
(1) No cavitation instability was found at design flow rate. This is caused by smooth extension of thin tip cavity into the blade 
